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ABSTRACT 
A program w a s  conducted i n  which a n  ins t rument  system concept  w a s  
s tud ied  t o  opt imize  t h e  a p p l i c a t i o n  of  a mass spectrometer  as a senso r  
f o r  monitor ing t h e  primary atmospheric c o n s t i t u e n t s ,  as w e l l  as atmospheric  
contaminants,  on board a manned spacec ra f t .  The program w a s  d iv ided  i n t o  
s i x  i n d i v i d u a l  s t u d i e s  r ep resen t ing  t h e  primary system p a r t s  complementing 
t h e  spec t rometer :  A Carbon Monoxide Accumulator C e l l  (Volume l ) ,  a n  Ion  
Pump (Volume 2 ) ,  an  Ion  Pump Power Supply (Volume 3 ) ,  an  I n l e t  Leak 
(Volume 4 ) ,  a n  Ion  Source (Volume 5 ) ,  and a n  Undersea Atmospheric Analyzer 
(Volume 6 ) .  
achievement of a n  ins t rument  concept  of minimum power, weight and s i z e  
without  compromising t h e  minimum d e t e c t i o n  l i m i t s  of t h e  instrument .  
The p r i n c i p l e  goa l  of t h e  combined s tudy  program w a s  t h e  
. 
ii 
NASA CR-111857 
TABLE OF CONTENTS 
Page 
ABSTRACT 
SUMMARY 
INTRODUCTION 
DESIGN DESCRIPTION 
Series Impedance Approach 
Duty Cycle Control  Approach 
Switching P r e r e g u l a t o r  Approach 
Dual Mode Supply Approach 
CONTRACT REQUIREMENTS 
DUAL MODE POWER SUPPLY SPECIFICATIONS 
SYSTEM DESCRIPTION - DUAL-MODE POWER SUPPLY 
C I R C U I T  DESCRIPTION - DUAL-MODE POWER SUPPLY 
Drive O s c i l l a t o r  
Ion  Pump Current  Sensor 
High Voltage and Low Voltage Converters 
Worst Case Analysis 
Worst Case Analysis :  Drive O s c i l l a t o r  
Worst Case Analysis :  I o n  Pump Current  Sensor 
Worst Case Analysis:  Power Converters 
CONCLUSION 
Ion  Pump Power Supply Test R e s u l t s  
APPEND ICES 
APPENDIX A - I O N  PUMP POWER SUPPLY SCHEMATIC DIAGRAM 
APPENDIX B - I O N  PUMP POWER SUPPLY ASSEMBLY LAYOUT 
ii 
1 
1 
2 
2 
3 
3 
3 
4 
4 
5 
5 
5 
7 
8 
1 0  
1 0  
19  
29 
34 
34 
46 
48 
iii 
NASA CR-111857 
LIST OF ILLUSTRATIONS 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12 0 
13. 
Dual Mode Power Supply Output C h a r a c t e r i s t i c s  - 
Voltage ve r sus  Current  
System Block Diagram of Dual Mode Ion  Pump 
Power Supply 
Ion  Pump Power Supply Drive O s c i l l a t o r  
Ion Pump Power Supply Current  Sensor 
Dual Mode I o n  Pump Power Supply Power Converters  
Graph - Current  L i m i t  C i r c u i t  T e s t  Resu l t s  f o r  
Dual Mode DC/DC Converter Input  Voltage vs Current  
Current  Sensor - Equivalent  C i r c u i t  Input  C i r c u i t r y  
Graph - 850 V Supply-Voltage vs Curren t  
Graph - 5000 V Supply-Voltage vs Current  
Graph - 5000 V Supply 
Graph - 500 V Supply 
Schematic, I o n  Pump Power Supply 
Page 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44 
45 
47 
Ion Pump Power Supply 49 - 54 
i v  
NASA CR-111857 
SUMMARY 
The h igh  v o l t a g e  I o n  Pump Power Supply f o r  t h e  Combined S tud ie s  Program 
w a s  designed t o  meet t h e  c o n t r a c t  requirements  of NASA Langley, Cont rac t  
NAS1-9469, t o  o p e r a t e  a f o u r  l i t e r  pe r  second i o n  pump e f f i c i e n t l y  and 
r e l i a b l y .  S p e c i f i c a l l y ,  t h e  i o n  pump power supply has  demonstrated com- 
p l i a n c e  t o  t h e  s p e c i f i c a t i o n  requirements  f o r  a minimum power (under 30 
w a t t s )  breadboard power supply capable  of r e l i a b l y  s t a r t i n g  t h e  i o n  pump 
a t  p r e s s u r e s  of 1 x 10-3 t o r r .  
measured inpu t  power t o  t h e  Ion Pump Power Supply i s  approximately twenty 
w a t t s ,  which m e t  and exceeded t h e  des ign  g o a l  of t h i r t y  w a t t s  maximum. 
Addi t iona l  t e s t i n g  w i t h  a test  load  s imula t ing  a fou r  l i t e r  p e r  second i o n  
pump a t  a p r e s s u r e  of 1 x 10-3 t o r r  demonstrated the  a b i l i t y  of t h e  power 
supply t o  provide  s u f f i c i e n t  ou tput  power c a p a b i l i t y  t o  r e l i a b l y  s ta r t  t h e  
pump. An added f e a t u r e  of t h e  power supply i s  i t s  a b i l i t y  t o  wi ths tand  
momentary s h o r t  c i r c u i t s  on i t s  ou tpu t  wi thout  damage. 
Breadboard t e s t i n g  has  shown t h a t  t h e  maximum 
The h igh  v o l t a g e  power supply descr ibed  i n  t h i s  r e p o r t  has  t h e r e f o r e  
s a t i s f a c t o r i l y  m e t  t h e  NASA Langley Research Center  requirements  under 
Cont rac t  NAS1-9469. 
INTRODUCTION 
A combined s tudy  program w a s  i n i t i a t e d  under Contract  NAS1-9469 w i t h  
NASA Langley Research Center t o  develop a n  i n l e t  leak and i o n  pump assem- 
b l i e s  f o r  a Magnetic Mass Spectrometer System. This  system w a s  t o  b e  used, 
u l t i m a t e l y ,  i n  monitor ing and c o n t r o l l i n g  a multi-gas atmosphere i n  a 
s p a c e c r a f t  cab in .  
I o n  pumps are t h e  most p r a c t i c a l  method of  producing and main ta in ing  
h igh  vacuums f o r  m a s s  spec t rometers  intended f o r  space f l i g h t  use.  This  
des ign  r e p o r t  t h e r e f o r e ,  d e s c r i b e s  t h e  development and t e s t i n g  of a h igh  
vo l t age  power supply  necessary  t o  o p e r a t e  t h e  fou r  l i t e r  p e r  second i o n  
pump used i n  t h e  Magnetic Mass Spectrometer System f o r  NASA Langley Research 
Center ,  Cont rac t  NAS1-9469, 
S ince  t h e  end u s e  of a mass spectrometer  system is  f o r  s p a c e f l i g h t  
use ,  a n  e f f i c i e n t  y e t  p r a c t i c a l  h igh  v o l t a g e  power supply w a s  requi red .  The 
c o n t r a c t  des ign  goa l  w a s  twofold: F i r s t ,  t o  main ta in  t h e  t o t a l  i n p u t  power 
t o  t h e  Ion  Pump Power Supply a t  less than  t h i r t y  w a t t s ;  and second, t o  b e  
capable  of r e l i a b l y  s t a r t i n g  t h e  i o n  pump a t  p r e s s u r e s  as h i g h  as 1 x 10-3 
t o r r .  These des ign  goa l s  w e r e  t o  b e  v e r i f i e d  by manufacturing and t e s t i n g  
a breadboard Ion  Pump Power Supply. 
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DESIGN DESCRIPTION 
The Ion  Pump Power Supply f o r  t h e  Combined S tud ie s  Program under NASA 
Langley Cont rac t  NAS1-9469 has  been designed t o  o p e r a t e  a f o u r  l i ter  p e r  
second i o n  pump e f f i c i e n t l y  and r e l i a b l y .  I n  gene ra l ,  t h e  most d i f f i c u l t  
t a s k  of des igning  a n  Ion Pump Power Supply i s  t h a t  of provid ing  t h e  l a r g e  
c u r r e n t  ope ra t ing  range  needed a t  v a r i o u s  pump p res su res .  To ensure  t h a t  
t he  pump does n o t  d i s s i p a t e  excessive power, v o l t a g e  r e g u l a t i o n  is re- 
qui red  as a f u n c t i o n  of pump pressure .  A s  a n  example, a t y p i c a l  change of 
pump p r e s s u r e  would be from 1 x t o r r  ( s t a r t i n g  p res su re )  t o  1 x 10-6 
t o r r  (running p res su re ) .  A t  a cons t an t  v o l t a g e ,  t h i s  d i f f e r e n t i a l  i n  pump 
p r e s s u r e  r e p r e s e n t s  approximately t h e  same change i n  pump c u r r e n t ,  o r  a 
f a c t o r  of 1000 (1000 t imes) .  When pump p res su re  i s  low ( r ep resen t ing  run- 
ning p r e s s u r e )  keeping t h e  v o l t a g e  h igh  is advantageous,  and when pump 
p r e s s u r e  i s  h igh  ( r ep resen t ing  s t a r t i n g  p res su re )  keeping the  vo l t age  low 
i s  advantageous.  Pump performance is  thereby opt imized.  Therefore ,  some 
method of v o l t a g e  c o n t r o l  i s  obviously necessary.  Add i t iona l ly ,  t h e  vol tage-  
c u r r e n t  r e l a t i o n s h i p  i s  n o n r e s i s t i v e ;  and t h e r e f o r e  a p o s s i b l e  c u r r e n t  
i n c r e a s e  of t e n  could be r equ i r ed  wi th  a v o l t a g e  i n c r e a s e  of  on ly  th ree .  
This e f f e c t  i s  due t o  momentary h igh  p r e s s u r e  (outgass ing)  i n  t h e  pump, 
which causes  a non l inea r  change of the  vo l t age  level  as a f u n c t i o n  of pump 
c u r r e n t  e 
i 
i Severa l  p o s s i b l e  des ign  approaches were examined t o  r e s o l v e  t h e s e  pro- 
blems; however, none s i n g u l a r l y  provided t h e  r equ i r ed  performance. A deci-  
s i o n  w a s  made based on the  importance of t h e  t r a d e o f f s ,  and a power supply 
w a s  developed t o  m e e t  t h e  ma jo r i ty  of t h e  system performance goa ls .  Three 
of t h e  des ign  approaches i n v e s t i g a t e d  are summarized i n  t h e  fo l lowing  para- 
graphs.  The dua l  mode supply,  s e l e c t e d  as t h e  b e s t  compromise t o  m e e t  t h e  
performance goa l s ,  w i l l  then  be  descr ibed  i n  d e t a i l .  ' 
S e r i e s  Impedance Approach 
The s imples t  method t o  c o n t r o l  t h e  output  v o l t a g e  i s  a supply wi th  a 
series impedance. 
c i r c u i t r y  depending on t h e  ou tpu t  c h a r a c t e r i s t i c s  d e s i r e d .  Although t h i s  
method has  worked very  w e l l  i n  o t h e r  a p p l i c a t i o n s ,  t h e  requirements  f o r  
t h e  combined s t u d i e s  program s p e c i f y  a s t a r t i n g  p r e s s u r e  of  1 x 10-3 t o r r  
and a n  ope ra t ing  p r e s s u r e  of  1 x I n  o r d e r  t o  provide  850 v o l t s  f o r  
s t a r t i n g  a t  t h i s  h igh  p res su re  and f i v e  k i l o v o l t s  for normal ope ra t ion ,  
excess i n p u t  power would b e  r equ i r ed  and a h igh ly  i n e f f i c i e n t  system would 
r e s u l t  
This  can be achieved using r e s i s t a n c e  o r  c u r r e n t  l i m i t i n g  
2 
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Duty Cycle Control  Approach 
Another approach i s  t h a t  of u t i l i z i n g  a series switching r e g u l a t o r  t o  
duty-cycle  c o n t r o l  t h e  i n p u t  v o l t a g e  wi th  feedback from t h e  i o n  pump cur- 
r e n t .  With t h i s  method, p r a c t i c a l l y  any r equ i r ed  output  c h a r a c t e r i s t i c  
curve can  b e  implemented. The major d i f f i c u l t y ,  however, i s  t h e  des ign  of 
a n  e f f i c i e n t  conve r t e r  and r e c t i f i e r  c i r c u i t  t o  accommodate bo th  heavy cur- 
r e n t s  a t  low v o l t a g e s  and l i g h t  c u r r e n t s  a t  h igh  vo l t ages .  I f  a s tandard  
full-wave b r i d g e  r e c t i f i e r  c i r c u i t  i s  u t i l i z e d ,  a very h igh  step-up r a t i o  
(20 V t o  5 kV) would be r equ i r ed  i n  t h e  power t ransformer.  
Two p a r t i c u l a r  problems are encountered i n  t h i s  type  of h igh  vo l t age  
DC/DC conve r t e r  t ransformer .  These are: F i r s t ,  excess ive  in te rwinding  
capac i tance ;  and second, high-vol tage i n s u l a t i o n .  The in te rwinding  
capac i t ance  causes  heavy swi tch ing  l o s s e s  i n  t h e  conve r t e r  t r a n s i s t o r s .  
The need f o r  h igh  v o l t a g e  i n s u l a t i o n  r e q u i r e s  l a r g e r  p h y s i c a l  s i z e ,  re- 
s u l t i n g  i n  increased  c o r e  and d i e l e c t r i c  l o s s e s .  
Switching P r e r e g u l a t o r  Approach 
I f  a s i n g l e  h igh  v o l t a g e  m u l t i p l i e r  w e r e  used wi th  a swi tch ing  pre- 
r e g u l a t o r ,  o t h e r  f a c t o r s  appear.  Voltage m u l t i p l i e r s  perform w e l l  under 
l i g h t  loading ,  b u t  heav ie r  loading  r e q u i r e s  v o l t a g e  m u l t i p l i e r s  wi th  
p r o p o r t i o n a t e l y  more capac i tance .  This  capac i tance  r e f l e c t s  t o  the  p r i -  
mary of t he  conve r t e r  as the  squa re  of t h e  t u r n s  r a t i o ,  r e s u l t i n g  i n  
heavy swi tch ing  l o s s e s  similar t o  those  expected from excess ive  i n t e r -  
winding capac i t ance  i n  t h e  Duty Cycle Control  Approach. 
Dual Mode Supply Approach 
The Ion  Pump Power Supply des ign  f o r  t h e  Combined S tud ie s  Program has 
taken a dua l  mode optimum approach. Two s u p p l i e s  have been designed;  one 
f o r  high-voltage/low-current and one f o r  low-voltage/high-current. This  
approach provides  good e f f i c i e n c y  upon s t a r t i n g  and running. 
i n i t i a l  high-presuure s t a r t  a t  a low-voltage (850 V ) ,  t h e  p r e s s u r e  drops  
because of pumping. When t h e  pump p r e s s u r e  reaches  t h e  maximum expected 
i o n  pump ope ra t ing  p res su re ,  t h e  supply swi tches  t o  t h e  high vo l t age  
mode (5 kV). 
op t imizes  t h e  pump e f f i c i e n c y .  Switchover h y s t e r e s i s  as shown i n  F igure  1, 
is  designed i n t o  t h e  l o g i c  c i r c u i t r y  t o  a l low f o r  g r e a t e r  c u r r e n t  on t h e  
850 V supply o u t p u t  be fo re  swi tch ing  t o  t h e  h igh  vo l t age  supply.  Addi- 
t i o n a l l y ,  a t i m e  de l ay  func t ion  i s  incorpora ted  t o  prevent  t h e  supply from 
swi tch ing  t o  t h e  low-voltage mode due t o  c u r r e n t  t r a n s i e n t s  l a r g e r  than  
t h e  s t eady- s t a t e  switchover  c u r r e n t .  
Af t e r  a n  
This  i n s u r e s  maximum pumping speed dur ing  ope ra t ion  and 
3 
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Although t h e  dua l  mode i o n  pump power supply i s  more complex than  a 
s i n g l e  supply,  t h e  t r adeof f  between h igh  e f f i c i e n c y  a t  heavy and l i g h t  
loading  ve r sus  r e l i a b i l i t y ,  c o s t  and s i z e  i s  j u s t i f i a b l e .  Also, a sav ings  
of as much as f o r t y  w a t t s  w i l l  r e s u l t  over  a s i n g l e  mode supply u t i l i z i n g  
any one of  t h e  p rev ious ly  descr ibed  des ign  approaches.  
CONTRACT REQUIREMENTS 
The c o n t r a c t u a l  requirements  f o r  t h e  Combined S tud ie s  Ion Pump Power 
Supply s p e c i f y  a minimum power (under 30 W) power supply capable  of start- 
i n g  t h e  i o n  pump a t  a p r e s s u r e  of 1 x 10-3 t o r r .  
c o n s i s t  of a breadboard assembly of t h e  Ion Pump Power Supply. Documenta- 
t i o n  s h a l l  be  provided t o  completely s p e c i f y  t h e  assembled equipment. 
The d e l i v e r a b l e  u n i t  s h a l l  
DUAL MODE POWER SUPPLY SPECIFICATIONS 
Input  Voltage: 20 Vdc - +1% 
Input  Current :  0.88 A measured under s h o r t  c i r c u i t  cond i t ions .  
Output Volt  age  : 
a. Low Voltage Mode: 850 V Nominal 
b. High Voltage Mode: 5000 V Nominal 
750 V Min a t  1 2  mA 
3900 V Min a t  1.8 mA 
From Worst Case Analysis  (WCA) 
Output Ripple  Voltage: 
a. Low Voltage Mode: 6 V p-p 
b. High Voltage Mode: 190 V p-p 
Dual Mode Switchover Po in t s :  
a. 
b. 
Nominal Lower Tr ip  Po in t :  
Nominal Upper Tr ip  Po in t :  
0 .1  mA - +5% a f t e r  se t  
1 mA - +5% a f t e r  set 
4 
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SYSTEM DESCRIPTION - DUAL-MODE POWER SUPPLY 
The System Block Diagram f o r  t h e  Ion Pump Power Supply is  shown i n  
The i n p u t  power i s  f i l t e r e d  f o r  e lec t romagnet ic  i n t e r f e r e n c e  (EMI) 
The s m a l l  d r i v e  o s c i l l a t o r  produces base  d r i v e  f o r  t h e  power 
F igure  2.  
cons ide ra t ions .  
conve r t e r s  and s u p p l i e s  i s o l a t e d  dc v o l t a g e s  f o r  o p e r a t i o n  o f  t h e  c u r r e n t  
s enso r  and base  d r i v e  switchover  c i r c u i t s .  The i n p u t  and ou tpu t  grounds are 
i s o l a t e d  by ope ra t ing  t h e  c u r r e n t  sensor  on t h e  secondary ground and switch- 
i ng  base  d r i v e  w i t h  a r e l a y .  
between t h e  low v o l t a g e  (850 V)  and h igh  v o l t a g e  (5 kV) conve r t e r s ,  depend- 
i n g  on i o n  pump cu r ren t .  F igure  1 shows t h e  ou tpu t  vo l t age  v e r s u s  cu r ren t .  
The d i f f e r e n c e  i n  t h e  switchover p o i n t ,  i n  switching from high  t o  low and 
low t o  h igh  v o l t a g e ,  i s  termed "hys te res i s" .  
The c u r r e n t  sensor  r e l a y  swi tches  base  d r i v e  
The h y s t e r e s i s  i s  provided t o  a l low f o r  t h e  e x t r a  c u r r e n t  requirement 
of t h e  Ion  Pump Power Supply when switched from t h e  low t o  h igh  v o l t a g e  mode. 
The d i r e c t i o n  of t h e  arrows i n  F igure  1 i n d i c a t e s  t h a t  t h e  response  of t h e  
supply i s  due t o  a change i n  load  when i n  e i t h e r  t h e  h igh  o r  low v o l t a g e  
mode. When i n  t h e  low vo l t age  mode, as i n  s t a r t i n g  t h e  i o n  pump, t h e  c u r r e n t  
must dec rease  t o  one-tenth of a mi l l iampere  be fo re  switchover t o  t h e  h igh  
vo l t age  mode. Once i n  t h e  h igh  v o l t a g e  made, t h e  supply w i l l  p rovide  up t o  
one mi l l iampere  be fo re  switching back t o  t h e  low v o l t a g e  mode. The switch- 
over  t i m e  i s  approximately one second; a t i m e  de l ay  i s  introduced t o  pre- 
ven t  t r a n s i e n t s  from swi tch ing  modes unnecessar i ly .  For t h e  one second 
be fo re  swi tch ing ,  t h e  h igh  v o l t a g e  supply is  c u r r e n t  l i m i t e d  t o  approxi- 
mately two mil l iamperes .  
p rovide  twelve mi l l iamperes .  
- 
The low v o l t a g e  supply i s  c u r r e n t  l i m i t e d  t o  
C I R C U I T  DESCRIPTIQN - DUAL MODE POWER SUPPLY 
The Ion  Pump Power Supply c o n s i s t s  of t h e  fo l lowing  c i r c u i t s ;  t he  
d r i v e  o s c i l l a t o r ,  t h e  c u r r e n t  s enso r  and t h e  power conve r t e r s .  
Drive O s c i l l a t o r  
The d r i v e  o s c i l l a t o r  (Figure 3) s u p p l i e s  base  d r i v e  f o r  t h e  DC/DC con- 
verters as w e l l  as dc v o l t a g e s  f o r  t h e  c u r r e n t  s ense  c i r c u i t r y .  Using t h e  
s m a l l  f ree-running o s c i l l a t o r  (10 kHz) t o  d r i v e  t h e  power conve r t e r  t rans-  
formers  a l lows  t h e  conve r t e r s  t o  be opera ted  i n  t h e i r  l i n e a r  reg ion .  This  
reduces  c u r r e n t  sp ik ing  and swi tch ing  l o s s e s  i n  t h e  conve r t e r  chopper 
t r a n s i s t o r s .  Power l i n e  i n t e r f e r e n c e  (EMI) and t ransformer c o r e  l o s s  are 
5 
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3 ) 
! 
both reduced us ing  t h i s  conf igu ra t ion .  The d r i v e  o s c i l l a t o r  t ransformer 
i s  designed on a low-loss (square permeabi l i ty  80) core .  The chopper 
t r a n s i s t o r s  ( Q 1  and 92) are h igh  frequency types ,  which i n  conjunct ion  w i t h  
the  t ransformer  (Tl )  o p e r a t e  on only  100 m i l l i w a t t s  o f  power. 
When power is  f i r s t  app l i ed ,  c u r r e n t  f lows through R 3  and i n t o  t h e  
Due t o  t h e  p o l a r i t y  of t h e  windings on 
c e n t e r  t a p  of t h e  feedback winding of T1. Q 1  o r  02 w i l l  t u r n  on, depend- 
i n g  on which has  t h e  most gain.  
T1,  t h e  oppos i t e  t r a n s i s t o r  i s  turned o f f .  A f t e r  a pe r iod  of one-half 
t h e  o s c i l l a t o r ' s  ope ra t ing  per iod  t h e  t ransformer c o r e  s a t u r a t e s ,  t h e  
magnetic f l u x  c o l l a p s e s  and a l l  v o l t a g e s  f a l l  toward zero.  The ON t r a n s i s -  
t o r  i s  turned o f f  and t h e  OFF t r a n s i s t o r ,  no longe r  being reversed  b i a sed ,  
becomes s u s c e p t i b l e  t o  t u r n  on. The v o l t a g e  overshoot  caused by c o r e  
s a t u r a t i o n  i s  enough t o  t u r n  on t h e  p rev ious ly  OFF t r a n s i s t o r .  
t r a n s i s t o r  becomes reverse b ia sed  and remains o f f  u n t i l  c o r e  s a t u r a t i o n ,  
thus  completing one c y c l e  of ope ra t ion .  
The oppos i t e  
Frequency of o s c i l l a t i o n  i s  mainly dependent on c o r e  f l u x  c a p a b i l i t y ,  
i npu t  v o l t a g e  and primary t u r n s  by t h e  fo l lowing  express ion;  frequency is  
a f f e c t e d  only  s l i g h t l y  by loading  conve r t e r  t r a n s i s t o r s  and c o r e  squareness  
r a t i o  : 
E X l o 8  ' TNP f =  
where, E = Appli.ed r m s  i n p u t  vo l t age  
0, = T o t a l  f l u x  c a p a b i l i t y  
Np = Number of t u r n s  on d r iven  winding 
R e s i s t o r s  R 1  and R2 are chosen t o  provide  s u f f i c i e n t  base  d r i v e  t o  
s a t u r a t e  01 and 42 under f u l l  load.  Diodes CR1 and CR2 a l t e r n a t e l y  provide  
a p a t h  t o  ground f o r  base  d r ive .  R 3  is  a s t a r t i n g  r e s i s t o r ,  chosen t o  pro- 
v i d e  enough c u r r e n t  t o  ensure  o s c i l l a t i o n .  On t h e  secondary of T 1  are two 
windings,  one s u p p l i e s  base  d r i v e  f o r  t h e  main power conve r t e r s  and t h e  o t h e r  
winding i s  r e c t i f i e d  and f i l t e r e d  t o  provide p l u s  o r  minus seven and one- 
h a l f  v o l t s  f o r  t h e  c u r r e n t  sensor .  
v o l t a g e ,  since i t  i s  common t o  t h e  secondary h igh  v o l t a g e  ground. This  
main ta ins  primary-to-secondary ground i s o l a t i o n .  
This  winding is  i n s u l a t e d  f o r  h igh  
6 
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Ion  Pump Current  Sensor 
The i o n  pump c u r r e n t  is  sensed t o  provide  t h e  mode switchover comand 
t o  t h e  power conve r t e r s .  (See F igure  4 . )  The vol tage-cur ren t  r e l a t i o n s h i p  
f o r  t h e  sensor  has  been explained i n  t h e  system d e s c r i p t i o n  and w a s  shown 
i n  F igure  2. 
Ion  pump c u r r e n t  i s  sensed i n  t h e  ground s i d e  of t h e  h igh  v o l t a g e  
supply by R35. Since R35 i s  a one kilohm r e s i s t o r ,  a one v o l t  pe r  m i l l i -  
ampere sense  v o l t a g e  t o  load  c u r r e n t  r e l a t i o n s h i p  is  e s t a b l i s h e d .  The 
sense  a m p l i f i e r  as a Nat iona l  LM301A opera ted  on p l u s  o r  minus seven and one- 
h a l f  v o l t  supp l i e s .  Capac i tors  C26 and C27 bypass t r a n s i e n t s  around R35. 
The d iodes  (CR31 t o  CR33) p r o t e c t  t h e  i n p u t  of t h e  LM301A from overvol tage  
caused by h igh  load  c u r r e n t s .  Zener d iode  CR34 provides  supply l i n e  
t r a n s i e n t  p r o t e c t i o n  f o r  AR1. R e s i s t o r s  R26 and R29 set  t h e  r e f e r e n c e  
vo l t age  on P i n  2 of AR1 t o  e i t h e r  p l u s  one-tenth o r  minus one-tenth v o l t ,  
depending on t h e  s ta te  of t h e  ou tpu t  t r a n s i s t o r  44 .  The sense  a m p l i f i e r  
changes t o  t h e  oppos i t e  state when t h e  load  c u r r e n t  i s  100 microamperes 
o r  one mil l iampere,  corresponding t o  t h e  p l u s  one-tenth o r  minus one-tenth 
v o l t  r e f e r e n c e  on t h e  i n v e r t i n g  i n p u t  of AR1. R30 main ta ins  t h e  sou rce  
r e s i s t a n c e  f o r  t h e  i n v e r t i n g  i n p u t  r e l a t i v e l y  low. R e s i s t o r  R31 sets 
t h e  sou rce  impedance f o r  t h e  noninver t ing  inpu t  approximately equal  t o  
t h a t  of t h e  i n v e r t i n g  input .  This i s  done i n  o rde r  t o  minimize t h e  e f f e c t s  
of d r i f t  i n  a m p l i f i e r  i npu t  b i a s  c u r r e n t s .  From the  manufac turer ' s  d a t a  on 
t h e  LM301A, c a p a c i t o r  C4 r o l l s  o f f  t h e  frequency response of AR1 t o  a n  
open zero ga in  p o i n t  of about  300 Hertz .  
~ 
Capaci tors  C 1 5  and C16, a long  w i t h  R28 provide  p o s i t i v e  feedback 
around t h e  LM301A t o  enable  t h e  c i r c u i t  t o  l a t c h  more p o s i t i v e l y ,  t hus  
s t a b i l i z i n g  t h e  system during swi tch ing .  Capaci tor  C2 and r e s i s t o r  R l 1  
form a u n i d i r e c t i o n a l  t i m e  de lay .  When a heavy c u r r e n t  t r a n s i e n t  occurs  
and t h e  f i v e  k i l o v o l t  conve r t e r  i s  ope ra t ing ,  i t  i s  d e s i r a b l e  t o  have t h e  
h igh  v o l t a g e  supply remain energ ized  f o r  about  one second b e f o r e  swi tch ing  
t o  t h e  850 v o l t  supply.  This  e l i m i n a t e s  unnecessary swi tch ing  back and 
f o r t h  on  t r a n s i e n t  c u r r e n t s .  The h igh  v o l t a g e  conve r t e r  w i l l  c u r r e n t  
l i m i t  a t  two mi l l iamperes  dur ing  t h i s  pe r iod  be fo re  switchover ,  so t h a t  no 
component o v e r s t r e s s i n g  w i l l  be  encountered. 
When t h e  ou tpu t  of A R l  changes from +V s a t u r a t i o n  t o  -V s a t u r a t i o n ,  
as when a heavy load  occurs ,  t h e  c a p a c i t o r  C 1 3  changes from +V s a t u r a t i o n  
t o  - VBE Q6 (ON) +VCR17(ON). The RC product  of R23 and C13 thus  determines 
t h e  t i m e  de l ay  f o r  switchover  from t h e  h igh  t o  low v o l t a g e  mode. When 
swi tch ing  t h e  o t h e r  d i r e c t i o n ,  t h e  t i m e  de l ay  i s  n o t  so  p reva len t .  This  i s  
because t h e  v o l t a g e  on C13 only  has  t o  change about  s i x - t e n t h s  of a v o l t  t o  
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t u r n  Q6 from on t o  o f f .  T r a n s i s t o r s  43, 94 and Q6 provide  t h e  small base  
c u r r e n t  needed by Q6, R23 can b e  made l a r g e  t o  reduce  t h e  va lue  of C13 
needed f o r  t he  one second t i m e  de lay .  T r a n s i s t o r  Q5 swi tches  t h e  p o s i t i v e  
r e f e r e n c e  v o l t a g e  from CR16 i n t o  t h e  summing mode of AR1. Capaci tor  C12 
bypasses t h e  d r i v e  t o  Q5, e l imina t ing  r e l a y  c h a t t e r  dur ing  swi tch ing .  
Diodes CR16 and CR18 are used s t r i c t l y  as low c u r r e n t  r e fe rence  v o l t a g e s .  
They e l i m i n a t e  t h e  need f o r  r egu la t ed  v o l t a g e  f o r  t h e  high c u r r e n t  r e l a y  
K1.  R6 keeps K 1  (12 V r e l a y )  from drawing excessive c u r r e n t  when oper- 
a t e d  between p l u s  and minus seven and one-half v o l t s .  Diodes CR7 and CR8 
a long wi th  C6, ac t  as a t r a n s i e n t  suppressor  a c r o s s  K1. CR9 and CRlO provide  
p r o t e c t i o n  from f a l s e  t u r n  on of 43 by t h e  V C E ( s a t )  o f  44. 
c o l l e c t o r  of 44 t o  rise when 43 i s  on. R7 and R l 1  p rovide  a p a t h  f o r  
co l lec tor - to-base  leakage  c u r r e n t ,  and are chosen s u f f i c i e n t l y  low t o  pre- 
ven t  forward b i a s i n g  of t h e i r  r e s p e c t i v e  t r a n s i s t o r .  
C R l l  a l lows  t h e  
High Voltage and Low Voltage Converters  
The h igh  v o l t a g e  conve r t e r  (see Figure  5)  d e l i v e r s  f i v e  k i l o v o l t s  a t  
c u r r e n t s  up t o  two mil l iamperes .  The dc inpu t  v o l t a g e  (20V) i s  converted 
t o  an  850 v o l t  (rms) squarewave by the  chopper t r a n s i s t o r s  (013 and 414) 
and t h e  h igh  v o l t a g e  t ransformer  (T3). The t ransformer  output  is mult i -  
p l i e d  t o  f i v e  k i l o v o l t s  dc by t h e  X6 r e c t i f i e r  c i r c u i t .  
i s  l i m i t e d  by t h e  one ohm r e s i s t o r s  (Rl9,  R20) and t h e  t r a n s i s t o r s  (411, 
Q12) connected i n  p a r a l l e l  wi th  t h e  bases  of t h e  chopper t r a n s i s t o r s .  A s  
chopper c o l l e c t o r  c u r r e n t  i n c r e a s e s ,  t h e  v o l t a g e  drop a c r o s s  t h e  one ohm 
r e s i s t o r s  t u r n  on t h e  c u r r e n t  l i m i t i n g  t r a n s i s t o r s .  Base d r i v e  f o r  t h e  
choppers is  d i v e r t e d  t o  ground and 413 and 414 are b ia sed  i n t o  t h e  active 
reg ion .  This  produces t h e  sharp  c u r r e n t  l i m i t i n g  p o i n t ,  on ly  a s l i g h t  
s l o p e  i n  t h e  v o l t a g e  vs c u r r e n t  graph can be seen.  This  s m a l l  change 
i n  vo l t age  (< 5%) as c u r r e n t  i n c r e a s e s  is due t o  t h e  one ohm sense  resis- 
t o r s .  The c a p a c i t o r s  a c r o s s  t h e  sense  r e s i s t o r s  improve t h e  squareness  of 
t h e  c o l l e c t o r  waveforms on t h e  chopper t r a n s i s t o r s .  
The ou tpu t  c u r r e n t  
R e s i s t o r s  R17 and R18 were la ter  added i n  series wi th  t h e  bases  of 
t he  c u r r e n t  l i m i t  t r a n s i s t o r s  t o  l i m i t  ba se  d r i v e .  This  was necessary  
because of t he  peak charging c u r r e n t  r equ i r ed  by t h e  X6 v o l t a g e  m u l t i p l i e r .  
A s  a r e s u l t ,  t h e  c u r r e n t  l i m i t i n g  i s  n o t  s o  pronounced as  w i t h  the  test 
se tup  used t o  e s t a b l i s h  t h e  c u r r e n t  l i m i t  test  c i r c u i t  below (see  F igure  6 ) .  
The r e s i s t o r  "sof tens1 '  t h e  knee of t h e  t u r n  on of t h e  l i m i t i n g  t r a n s i s t o r s .  
Diodes C R 1 4  and CR15 were a l s o  added t o  suppress  nega t ive  t r a n s i e n t s  caused 
by swi tch ing  the  t ransformer  T3. 
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Current  L i m i t  T e s t  Circuit  (See F igure  6 )  
The low v o l t a g e  conve r t e r  c o n s i s t s  of t he  same primary c i r c u i t  and 
t ransformer as t h a t  of t he  high v o l t a g e  conve r t e r .  The secondary v o l t a g e  i s  
b r idge  r e c t i f i e d  t o  provide  850 v o l t s  dc a t  a minimum of 12  mi l l iamperes .  
The ou tpu t s  of t h e  two conve r t e r s  are p a r a l l e l e d  toge the r  w i th  i s o l a t i o n  
d iodes  i n  series w i t h  the  850 v o l t  supply.  When ope ra t ing  on t h e  f i v e  
k i l o v o l t  mode, t h e s e  d iodes  i s o l a t e  t h e  850 v o l t  and f i v e  k i l o v o l t  c i r -  
c u i t r y .  The nega t ive  o u t p u t s  of bo th  s u p p l i e s  are p a r a l l e l e d  and connected 
t o  secondary ground through R32 and the  c u r r e n t  sense  r e s i s t o r .  
1 
R e s i s t o r s  R 4  and R 5  c u r r e n t  l i m i t  t h e  base  d r i v e  t o  t h e  conve r t e r  
t r a n s i s t o r s .  S ince ,  under maximum load  ( s h o r t  c i r c u i t  c o n d i t i o n s ) ,  both 
t h e  h igh  and low v o l t a g e  conve r t e r s  draw t h e  same power, t he  base  d r i v e  
requirements  are i d e n t i c a l .  Thus, t h e  same base  r e s i s t o r s  may be used 
f o r  both conve r t e r s .  Relay K l  (d r iven  by t h e  c u r r e n t  sense  c i r c u i t )  i s  
u t i l i z e d  t o  swi tch  base  d r i v e  t o  e i t h e r  DC/DC conve r t e r .  
The h igh  vo l t age  t ransformer (used i n  both  conve r t e r s )  i s  designed 
f o r  low l o s s  and h igh  r e l i a b i l i t y .  The c o r e  is  a Magnetics Incorpora ted  
Square Permeabi l i ty  80  type.  The h igh  v o l t a g e  secondary winding is  pro- 
g r e s s i v e l y  bank wound t o  reduce winding t o  winding vo l t age .  Before t h e  
primary is  wound, t h e  secondary i s  completely vacuum encapsulated and 
baked o u t .  This  ensures  t h e  proper  i n s u l a t i o n  from primary t o  secondary 
and a l s o  keeps t h e  primary from p h y s i c a l l y  d i s t u r b i n g  t h e  secondary. The 
completed t ransformer  i s  f i n a l l y  vacuum-dip f i n i s h e d  t o  seal  o u t  mois ture .  
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Worst Case Analys is  
The schematics  of F igu res  3,  4, and 5 have been used i n  performing 
The fo l lowing  wors t  worst  case a n a l y s i s  on each of t h e  t h r e e  c i r c u i t s .  
ca se  parameters  have been used: 
a. Inpu t  v o l t a g e  20 v - +1% 
b. 1% Res i s to r s*  - +2% 
c. 5% Carbon Res i s to r*  - +22.5% 
d o  Ambient Temperature 25 - 40°C 
*Derating app l i ed  t o  b a s i c  t o l e r a n c e  t o  account  f o r  wors t  c a s e  end of l i f e  
parameter v a r i a t i o n .  
Worst Case Analys is :  Drive O s c i l l a t o r  (See F igure  3 ) . -  The Drive 
O s c i l l a t o r  must be  checked f o r  o p e r a t i o n  under maximum load  and minimum 
i n p u t  v o l t a g e  and over  t h e  ope ra t ing  temperature  range. Maximum and 
minimum d r i v e  v o l t a g e s  t o  t h e  conve r t e r  and senso r  c i r c u i t  must be 
e s t a b l i s h e d .  
The wors t  case i n p u t  v o l t a g e  f o r  t h e  Ion  Pump Power Supply must f i r s t  
$ 
be determined. 
Max and I = 20 v - +1% (1) Vcc = 19.6 'CC (NOM) - where : - 
(2)  Vcc = 20.2 I Min Vcc 
- 
R~~~~~~~ = 0.25 ohm 
- 
= 0.8 A I 2 0  v 
1 0  
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Next t h e  maximum and minimum t ransformer  winding v o l t a g e s  w i l l  be 
determined. 
Winding ill: Drive O s c i l l a t o r  base d r i v e  windings 4-5-6 
-- 
Rat io  (PR1:Wl) - (Iwl %,-) 
where: Rat io  (PRI: Wl) = 8:l  - +3% 
= o v  
(Q19Q2) 
- 'CE (SAT) 
vcc 
- vcc 
= 20.2 v 
= 19.6 V 
- 
= 3 ohms %I 
= 2 ohms - %I 
Rw (PRI 
- Rw (PRI) 
I W I  
- 
= 6 ohms 
= 4 ohms 
- 
= 5 m A  
= 2 m A  - I W I  
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= 65 mA 
= o  
= 2.60 V Max and min v o l t a g e s  
f o r  d r i v e  o s c i l l a t o r  base  d r i v e  
= 2.27 V 
Winding #2: Power Converter Base Drive Windings 7-8-9 
(Q13Q2) - IC(Q1,QZ) %(PRI) X - - 
- 
Rat io  (PRI:W2) - (Iw2 Rw2) I -- 
Rat io  (PRl:W2) - (Iw2 s2) 1 - - 
where: Rat io  (PRI: W2) = 5:l - +3% 
= 4 ohms - Rw2 
- 
= 5 ohms %2 
- 
IW2 = 50 mA 
= 25 mA - IW2 
= 4.06 V Max and min v o l t a g e s  f o r  
conve r t e r  base  d r i v e  
= 3.42 V 
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Winding #3: - +7.5 Vdc supply windings 10-11-12 
(Q1yQ2) - IC(Q1,Q2) %(PRI) X - - (7) vw3 = 'CE (SAT) - 
Ratio(PRI:W3) - (Iw3 Rw3) I -- 
- 
(Q1yQ2) - 'C(Ql,Q2) %(PRI) X 
-- 
Ratio (PRI :W3) - (Iw3 RW3) 
where: Ratio (PRI: W3) = 2.35 2 3 %  
= 1.5 ohms 
- 
= 2.5 ohms Rw3 
= 30 mA 
- 
= 60 mA IW3 
= 8.82 V 
Max and min ac voltages 
f o r  - +7.5 Vdc supplies 
= 7.71 
From the above ac voltages the maximum and minimum - +7.5 Vdc outputs 
will be calculated. 
- - Vw3 - V diode (9) v - +7.5 v 
- Vw3 - V diode (10) v 27.5 v - 
13 
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J - 
= 8.82 V vw3 where: 
- vw3 = 7.71 V 
V diode = 0.5 v 
V diode 
(9) v - 4-7.5 v 
(10) v - 4-7.5 v 
= 1.0 v 
Max and min f 7 . 5  Vdc 
supply vo l t ages  
Beta requirements  f o r  a l l  t r a n s i s t o r s  must be  checked. A power 
summary must f i r s t  be  developed t o  determine maximum chopper c o l l e c t o r  
c u r r e n t  a 
Power Summary f o r  Drive O s c i l l a t o r  
Load 
Base Drive 
f o r  Drive O s c i l l a t o r  
Power Converter 
Base Drive 
- +7.5 Vdc 
Suppl ies  
Core 
Loss 
TOTAL LOAD 
POWER 
Maximum 
Voltage (V) 
2 (2 .60 )  
4.06 
8.82 V 
20 v 
Maximum 
Current  (mA) 
9.3 
46.3 
60 
10 
Maximum 
Power (mW) 
48 
188 
1058 
200 
1.94 W 
The t o t a l  load  power f o r  t h e  d r i v e  o s c i l l a t o r  i s  shown i n  t h e  Power 
Summary. 
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1 .  
i, 
The minimum necessary  Beta f o r  t h e  chopper t r a n s i s t o r s  (01  and 42)  
must f i r s t  be determined. 
IB41 where : 
'DRIVE osc 
vcc 
' F D ~  
-
- 
- I C Q l  
I 
- 
B Q l  - 
- 'DRIVE osc 
- vcc 
- 'DRIVE osc - 
'Wl - - 'FDl - 'BE(Q2)] 
= 50 
= 1.94  W 
= 19.6 V 
= l v  
= l v  
- 
R 1  = 440 ohms 
!?& t h e r e f o r e :  = 26.4 
2 7 5  J 
The minimum a v a i l a b l e  Beta from t h e  PG1074 i s  50; t h e  maximum needed 
i s  26,4: t h e r e f o r e ,  t h e r e  i s  s u f f i c i e n t  gain.  
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The d r i v e  o s c i l l a t o r  must be  checked t o  ensure  s t a r t i n g  under wors t  
The minimum worst  case open loop g a i n  must be shown t o  case cond i t ions .  
a t  least  1 e 0 e 
Q' 
Q2 47 K 
4 
Drive O s c i l l a t o r  C i r c u i t  
RL 
VFB = vw - 2Vd 
Drive O s c i l l a t o r  Equivalent  C i r c u i t  
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To f i n d  t h e  g a i n  of t h e  e q u i v a l e n t  c i r c u i t :  
and 
) 
, *  
= A I c  % "OUT 
"OUT 
A I B  B 
A I B  B RL 
"IN = -  
AIB R I N  
B R L  - -  - -  "OUT 
"IN R I N  
= (R1  + R2) + RB, + (B + 1) RE R I N  
- B R L  
(VOLTAGE) (R1  + R2 + RB, + (B + 1) RE Gain 
= 100 ohms o r  less f o r  IE > 1 mA RB 
= 198 ohms (from power summary d r i v e  o s c i l l a t o r )  RL 
t h e r e f o r e :  
From 
(21) 
where: 
- B R L  
(VOLTAGE) ( R 1  + R2) + RB, + (B + 1) 26 Gain 
I E  
(3)  
=L - - 
( x l  + R2) + xBs + (B + 1) 26 K* (VOLTAGE) Gain - 
- I E  
K.* mod i f i e s  t h e  c o n s t a n t  26 t o  a l low f o r  wors t  case temperature .  
17 
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/ i i  
Since R = - - 26 = - KT a t  25°C 
E 'E q 'E 
(22) K = Boltmann's Constant 
T = Temperature O K  
q = E l e c t r o n i c  charge 
a t  40°C 
2 7 0 3  ohms ~ 26 313 298 
= - -  = -
I E  (23) RE 'E 
Since minimum g a i n  appears a t  minimum emitter c u r r e n t ,  t h i s  occurs  
during s t a r t u p  when the  s t a r t i n g  r e s i s t o r  (R3) supp l i e s  t h e  only base c u r r e n t .  
I 
.'. During s t a r t i n g  
The mul t ip ly ing  f a c t o r  of one-half assumes the  wors t  case c o n d i t i o n  of 
c u r r e n t  s p l i t t i n g  e q u a l l y  between Q 1  and 42. 
R3 5 7 * 5  R T ~ ~  w1 
- 
R 1 , 2  = 432 ohms 
3 ohms 
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Solving f o r  t h e  ga in  of the  equa t ion  21 
Min g a i n  (V) 
of Q1, Q2 I Gain (V) C i r c u i t  = 0.3 
This  i s  on ly  t h e  g a i n  of t h e  t r a n s i s t o r  c i r c u i t ,  t h e  t ransformer  wind- 
i n g  r a t i o  and v o l t a g e  drops of t h e  d iodes  and t r a n s i s t o r s  must be  accounted 
f o r  
(26) Gain (V) T o t a l  Open Loop = [ G a i n  (V) C i r c u i t  
BE' 'D [Ga in  (V) Transformer At ten  (V) due t o  V 
where : 
Gain (V) Transformer = 0.242 (From t iming conve r t e r  wors t  
case a n a l y s i s )  
(27) At ten  (V) due t o  VBE and d iode  drop = V - 2VD W -
and V = -4 .75 V W -
- 
VD = 1.0 v 
Min wors t  case open 
loop g a i n  du r ing  s t a r t i n g .  I Gain (V) To ta l  open loop  = 1.3 
The preceding a n a l y s i s  has  shown t h a t ,  wors t  case, t h e r e  i s  s u f f i c i e n t  
loop g a i n  f o r  t h e  t iming conver te r  t o  s ta r t  r e l i a b i l i t y .  
Worst Case Analysis :  Ion  Pump Current  Sensor.- The wors t  case t r i p  
p o i n t s  f o r  t h e  c u r r e n t  sensor  must be determined. The c i r c u i t  diagram i s  
shown i n  F igure  4 and a n  equ iva len t  c i r c u i t  t o  t h e  i n p u t  c i r c u i t r y  of t h e  
c u r r e n t  sensor  i s  shown i n  F igure  7. 
Voltage,  V 1 ,  i s  generated by t h e  i o n  pump c u r r e n t  f lowing through 
r e s i s t o r  R35. V 4  and V 5  are the  v o l t a g e  sources  t h a t  determine t h e  c i r c u i t  
t r i p  p o i n t s .  Voltage source  V 5  sets V 3  nominally t o  minus one v o l t .  V4 i s  
switched i n  t o  t h e  node a t  V 3  when t h e  minus one v o l t  t r i p  p o i n t  is d e s i r e d .  
The v a r i a b l e  r e s i s t o r s  R26 and R29 a l low s e l e c t i o n  of c u r r e n t  t r i p  p o i n t s  
and provide  a means t o  compensate f o r  i n i t i a l  t o l e r a n c e s  on components and 
supply vo l t ages .  
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x* -, 
The maximum and minimum c u r r e n t  t r i p  p o i n t s  ( s e t t a b l e  by R26 and R29) 
are t o  be  determined. The two d i s c r e t e  levels of V l  are def ined  below: 
= V 1  when r e l a y  K1 is  energized 
(ON) 
v1 
nominal = -1.0 V 
(ON) 
v1 
= V 1  when r e l a y  K 1  is  n o t  energized 
(OFF) 
v1 
nominal = -0.1 V 
(OFF 1 v1 
maximum and minimum: (S1 open i n  model) 
(ON) 
Solving f o r  V 1  
Ivl(ON)I = IV3(ON)I 'OS(A1) i- 'OS(A1) REQ(ON) + 
- - 
(2) '''(ON) I = Iv3(ON) I - 'OS(A1) 'os (AI) 'EQ (ON) 
= (R25 -+ z) I IR30 -REO (ON) 
I and 1113 I must be  determined wi th  S1 open: I v3 (ON) (ON) 
R30 
R29 + R25 + R30 
I = v5 ( 4 )  Iv3(0N) - -  
v5 = 5.355 v 
V 5  = 4.845 U -
20 
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- - 
R30 = 10.2 K R29 = 
R30 = 9.8 K R29 = 
Iv3(ON)l  = -2.38 V 
I v ~ ( ~ ~ ) I  = -0.61 V 
- -
Solving equat ions  (28) (29) 
= 10 mV R 3 1  
= 70 nA R 3 1  
- - 
'0s (Al) where : 
'OS ( A l )  -- 
55 K R25 = 13.25 K 
0 R25 = 12.75 K -
Max and min 
= 6.79 k 
= 6.50 k 
'BIAS (AI) 
v1 (ON) I 
= 8.86 k 
EQ (ON) 
300 nA R 
Max and min t r i p  vo l t ages  
wi th  r e l a y  energ ized  I 2.41 V 0.59 V 
maximum and minimum: (S1 c losed  i n  model) 
(OFF) 
Solving f o r  V 1  
and - V3 must b e  determined w i t h  S1 c losed:  The equ iva len t  v3 (OFF) 
c i r c u i t  i s  shown below. 
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(OFF 1 Equiva len t  C i r c u i t  f o r  So lu t ion  of V3 
Where: VcE(sAT) Q5 = 0.25 
-  'CE(SAT) 45 = O 
1 1  12 
v4 
- v5 
I 1  = E G z 7  
'2 - R25+R2y 
which simplifies t o :  (R2 + R27) I I R30 I I (R25 + R29) 
( ~ 2 6  + R27) 1 IR3Ol 1 (R25 + R29) 
RT 
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v4 
R25 + R29 R26 + 
- -- v5 (34) I v3 (OFF) I =  - 
- -  
[(= + m) I 1-1 I (R25 - -  + R29)] 
L 
v4 
R26 + E 
- (35) Iv’(OFF) I = 
-
[(E + E ) 1 / ~ 3 0 1  - I (R25 + m)] 
- - 
where : V4 = 5.355 V R27 = 13.25 k 
V4 = 4.595 V - R27 = 12.75 k -
R26 = 55 k 
R26 = 0 -
- - 
V5 = 5.355 V R25 13.25 k 
V5 = 4.845 V R25 = 12.75 k - -
- 
R29 = 55 k 
R29 = 0 -
- 
R30 = 10.2 k 
R30 = 9.8 k -
1 Max and min values (34) I v3 (OFF) I = 1.85 V 
I = 1.80 V 1 IV3(OFF) I (35) I v3 (OFF) 
= Neg 
(OFF 1 NOTE: V3 
can be determined. 
(OFF 1 The maximum and minimum (settable) values of V1 
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solved f o r  a n  Equation (8) i n  a p o s i t i v e  va lue ,  t h e  
(OFF) 
Although V 3  
minimum usab le  t r i p  level i s  zero v o l t s .  
b i a s  c u r r e n t  i s  approximately twelve m i l l i v o l t s  i n  t h e  a n a l y s i s  f o r  V 3  
It will be dropped from t h e  s o l u t i o n s  o f  V3 
(32) V 1  
The c o n t r i b u t i o n  of o f f s e t  and 
(ON) 
s i n c e  i t  i s  n e g l i g i b l e .  (OFF) ' 
= 1.85 V 
Max and min t r i p  v o l t a g e  (OFF) I w i t h  r e l a y  OFF. = o  
(OFF) 
(33) v1 
Considering t h e  t o l e r a n c e  on t h e  one k i lohv  c u r r e n t  s ense  r e s i s t o r ,  t he  
maximum and minimum va lues  of t h e  two c u r r e n t  t r i p  levels are as fo l lows:  
= 2.46 mA 'TRIP (RELAY ON) 
= 0.58 mA 'TRIP (RELAY ON) 
- 
'TRIP (RELAY OFF) 1.89 mA 
= O m A  'TRIP (RELAY OFF) I 
i 
The above va lues  i n d i c a t e  t h e  i n i t i a l  s e t a b i l i t y  of t h e  c u r r e n t  t r i p  
p o i n t s .  
A f t e r  i n i t i a l  set ,  t h e  d r i f t  due t o  temperature  i s  another  considera-  
t i o n  t o  be  made. The d r i f t  of t h e  i n i t i a l  set  p o i n t  r e s u l t s  mainly from 
changes i n  the  p l u s  o r  minus f i v e  v o l t  r e f e rence  vo l t ages .  
The temperature  c o e f f i c i e n t  of t h e  zener  d iode  (1N5523B) i s  n o t  spec i -  
f i e d  i n  t h e  manufac turer ' s  da t a .  The b a s i c  t o l e r a n c e ,  however, is p l u s  o r  
minus f i v e  p e r c e n t  and a maximum change of p l u s  o r  minus t h r e e  pe rcen t  f o r  
temperature  and b i a s  c u r r e n t  v a r i a t i o n s  have been assumed as wors t  case. 
Other i t e m s  r e s p o n s i b l e  f o r  d r i f t  are t h e  c u r r e n t  l i m i t  adjustment  potentiom- 
eters. 
zero t o  f i f t y - f i v e  degrees  cent igrade .  The o v e r a l l  worst  case d r i f t  i n  
c u r r e n t  t r i p  p o i n t  is, t h e r e f o r e ,  p l u s  o r  minus f i v e  pe rcen t .  
They have a n  accuracy of p l u s  o r  minus two pe rcen t  a f t e r  set  from 
The accuracy of t he  sensor  could be g r e a t l y  increased  by us ing  select- 
at-test r e s i s t o r s  i n s t e a d  of po ten t iometers .  Also, more a c c u r a t e  tempera- 
t u r e  compensated zener  d iodes  could be  u t i l i z e d  t o  f u r t h e r  reduce d r i f t  
e r r o r  
D 
24 
NASA CR-111857 
To complete t h e  cu r ren t  sensor  wors t  ca se  a n a l y s i s ,  t he  t r a n s i s t o r s  
a r e  checked f o r  s u f f i c i e n t  base d r i v e  under wors t  case  condi t ions .  
is  f i r s t  checked f o r  s u f f i c i e n t  base d r i v e .  
Q 1  
T 
& (Required) - ICQ3 
BQ3 
I 
- 
1 v(+7.5) - V(-7.5) ELAY + (37) ( 2 )  IcQ3 
- -  
(38) (3) IBQ3 = ([v(+7.5) - V(-7.5)] (VD9 + v.11)- VBE(sAT)03\ - 
- 
R 8  
= 189 ohms V(+7.5) = 8.32 V 
\ ~ E L A Y  where : 
I 
- R6 = 98 ohms V(-7.5) = 8.32 V 
- 
R8 = 6.25 k 5 = 1 . 0  v 
- R7 = 36.4 k = 1 . 0  v 
= 1 .0  v 'BE (SAT) Q 3 
'BQ3 2.15 mA 
- 
(37) ICQ3 = 58 mA 
Since 43 has a minimum a v a i l a b l e  Beta of 80, t h e r e  i s  suf-  
f i c i e n t  base d r i v e .  
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n 
42 is checked f o r  s u f f i c i e n t  base  d r i v e :  
- 
'BQ2 (39) %J2- (REQUIRED) 
VD1l - 'CE(SAT)Q4 V(+7.5) - V(-7.5) - - 
R8 (40) ICQ2 -
R8 = 3.95 k -where : 
- 
R12 = 2 7  k 
R 1 1  = 36.4 k -
= 1 v  'BE(SAT)Q4 
= 0.25 V 'CE (SATIQG 
= o  'CE (SAT) Q4 
(41) IBQ4 = 0.26 mA 
(40) Icq4 = 4.1 mA 
Since 44 has  a minimum a v a i l a b l e  Beta of 80, t h e r e  is s u f f i c i e n t  base  
d r i v e  e 
Q6 is  checked for s u f f i c i e n t  base  d r i v e :  
a 
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- v(-705) - 'BE(SAT)Q4 - 'CE(SAT)Q6 - 'BE(SAT)Q4 - 
R11 R12 
(43) ICQ6 - -
0 (Al) - 'BE (SAT)Q6 
R2 3 
- 'BE(SAT) (Q6) V 
R22 - - 'D17 -- (44) IBQ6 - 
a 
where : 'BE (SAT) Q6 
O W )  V 
V(-7.5 v) 
1V R12 = 17 k -
- 
0 R11 = 57.7 k 
- 
5 V R22 = 80.2 k 
-8.32 V VD17 = 1 v  
R22 = 77.5 k -
0.025 mA 
(43) ICQ6 = 0.43 mA 
= 17.2 
Since  Q6 has  a minimum a v a i l a b l e  Beta of 60, t h e r e  i s  s u f f i c i e n t  base  
d r i v e  e 
Q5 i s  checked f o r  s u f f i c i e n t  base  d r i v e :  
- 'CQ5 
'BQ5 
- 
(45) BQ5 (REQUIRED) 
~~ 
- v(+5 ') - 'CE(SAT)Q5 - 'TRIP 
R2 7 
(46) 'CQ5 
-
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* 
- 
v(+5 v, - 'BE(SAT)Q5 'CE(SAT)Q4 - 
R21 
- 
where : V(+5 V) = 5.35 V R21 = 184 k 
= o  - R27 = 12.7 k 'TRIP 
= o  'CE (SAT) Q5 
'BE (SAT) Q5 = 1  
= 0.25 V 'CE (SAT) Q4 
(47) 'BQ5 = 0.222 mA 
= 0.42 mA 
CQ5 
I 
'I 
(45) BQ5 = 19.1  - 
Since  45 h a s  a minimum a v a i l a b l e  Beta of 60, t h e r e  i s  s u f f i c i e n t  b a s e  
d r i v e .  
The r e l a y  K l  i s  checked f o r  wors t  case maximum and minimum v o l t a g e :  
1 ( >ERELAY = [V(+7.5 v) - v(-7.5 V) (48) 'RELAY 
V(+7.5 v )  - v(-7.5 V)  (49) 'RELAY 
where: V(+7.5) = 8.32 V; V(-7.5) = -8.32 V 
V(+7.5) = +6.71; V(-7.5) = -6.71 V 
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- 
= 244 ohms; R6 = 102 ohms %ELAY 
= 189 ohms; E = 98 ohms RRELAY 
= 8.72 V (49) 'RELAY 
Manufacturer ' s  d a t a  guarantees  r e l a y  p u l l  i n  a t  s i x  and e igh t - t en ths  
v o l t s  a t  twenty-five degrees  cen t ig rade  and n i n e  and th ree - t en ths  v o l t s  
a t  125 degrees  cen t ig rade .  This  would i n d i c a t e  approximately seven and 
two-tenths v o l t s  a t  t h e  maximum temperature  of f o r t y  degrees  cen t ig rade .  
Thus, t h e r e  i s  s u f f i c i e n t  r e l a y  v o l t a g e  wors t  case. 
Worst Case Analys is :  Power Converters  (See F igure  5).- The 850 v o l t  
and f i v e  k i l o v o l t  s u p p l i e s  s h a l l  b e  checked wors t  case f o r  minimum Voltage 
and c u r r e n t  ou tpu t  be fo re  c u r r e n t  l i m i t i n g  occurs .  From d a t a  on t h e  d iode  
2N4401; f i v e - t e n t h s  of a v o l t ,  VBE(oN), w i l l  produce less than  one-tenth 
mi l l iampere  c o l l e c t o r  cu r ren t .  
n o t i c e a b l e  l i m i t i n g .  
of f i ve - t en ths  of an  ampere c o l l e c t o r  c u r r e n t  w i t h  no e f f e c t s  of c u r r e n t  
l i m i t i n g .  
Since t h e  chopper base  c u r r e n t  i s  about  
; t h i r t y  mi l l iamperes ,  t h e  one-tenth mil l iampere drawn w i l l  n o t  cause  
The fo l lowing  worst  case a n a l y s i s  assumes a minimum 
850 v o l t  Converter :  
- I-R * 'DIODE 850 (SEC)T2 
- - - 'BE(ON)Q7,Q8 - 
(") 'PRI (T2) - - vcc - v ~ ~ ( ~ ~ ~ ) ~ ~ , ~ i ~  
IC %RI(T2) 
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where : I850 V 
- vcc 
'DIODE (H. V. 
(PRI : Rat io  850 V)T2 
1 2  mA 
= ' 19.6 V 
= 1 / 4  ohm 
= 1 0  V a t  100 mA 
= 0.5 v 
43.4: 
= 0.5 v 
winding t o l e r a n c e  = 0.98 
(PRI) TI 
(SEC) TI 
1 
= 0.2 ohms 
= 175 ohms 
i 
= 0.7 A I20 v 
I C  = 0.5 A(Defined) 
= 763 V Min ou tpu t  v o l t a g e  (50) '850 
To s o l v e  f o r  minimum ou tpu t  c u r r e n t  under t h e s e  cond i t ions ,  s o l v e  f o r  t h e  power 
t r a n s f e r r e d  t o  t h e  secondary of t h e  t ransformer .  
- x IC x Eff i c i ency  (52) 'SEC - 'PRI(T~) 
where : From equat ion  (51) 
'PRI (TI) = 18.47 V 
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= 0,5 A 
I C  
E f f i c i e n c y  T 1  = 0.95 
(52) o n *  PSEC = 8.77 W 
= 785 V 
'SEC 850 where : 
From t h i s  a n a l y s i s  i t  has  been shown t h a t  t h e  wors t  case ou tpu t  v o l t a g e  
and the  c u r r e n t  a t  t h a t  v o l t a g e  i s  763 v o l t s  dc a t  e l even  and two-tenths 
mil l iamperes .  
Next, the chopper t r a n s i s t o r s  must be checked f o r  s u f f i c i e n t  Beta. The 
maximum Beta needed i s  determined by d iv id ing  t h e  worst  case maximum 
c o l l e c t o r  c u r r e n t  by t h e  worst  case minimum base  c u r r e n t .  
3 
C(Q9,QlO) 
( 5 4 )  = I 
B (Q9 9 Q l O )  
I -
- 
For IC, f ive - t en ths  of a n  ampere i s  used,  because i t  w a s  used i n  t h e  
prev ious  wors t  case a n a l y s i s  f o r  minimum output  levels.  
- -- 
V - R15 IC 'BASE DRIVE WIND - BE(Q9,QlO) 
E - 
R4 (55) - I B (QS Q ~ O )  
where: = 0.5 A 
= 3.42 V 'BASE DRIVE WINDING 
(from wors t  case 
ana lyze r  - Drive O s c )  
= 1 v  
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- 
R15 = 1.02 ohms 
- 
R4 = 80.5 ohms 
= 23.8 mA 
= 21 
The minimum Beta f o r  t h e  chopper t r a n s i s t o r s  i s  40; t h e  Beta r equ i r ed  
by t h e  c i r c u i t  is 21. Therefore ,  t h e r e  i s  s u f f i c i e n t  ga in .  
F ive  K i l o v o l t  Converter.-  Since t h e  h igh  v o l t a g e  conve r t e r  i s  t h e  same 
as the  low v o l t a g e ,  except  f o r  t h e  X6 m u l t i p l i e r ,  t h e  a n a l y s i s  i s  almost  t h e  
same. The minimum t ransformer  ou tpu t  v o l t a g e  determined i n  t h e  prev ious  
wors t  case a n a l y s i s  can b e  m u l t i p l i e d  by s i x  t o  y i e l d  a minimum v a l u e  f o r  
t h e  h igh  vo l t age .  However, t h e r e  are some a d d i t i o n a l  l o s s e s  i n  t h e  X6 
m u l t i p l i e r  due t o  t r a n s i e n t s .  Since these  l o s s e s  are dependent on  c i r c u i t  
capac i t ance ,  waveform squareness  and t h e i r  f a c t o r s ,  they  are impossible  
t o  p r e d i c t .  
c i r c u i t  parameters  would s t i l l  b e  ques t ionable .  
i s  considered only  as a rough c a l c u l a t i o n .  
v o l t a g e  should be determined by s u b t r a c t i n g  the  d i f f e r e n c e  between nominal 
test d a t a  taken. 
While a d e t a i l e d  Four i e r  a n a l y s i s  might be  performed, t h e  
Therefore ,  t h i s  a n a l y s i s  
The a c t u a l  wors t  case ou tpu t  
(5 kV) and c a l c u l a t e d  wors t  case v o l t a g e  (4.6 kV a t  1.8 mA) from t h e  a c t u a l  1 
- - 
(56) v5 kv = 6x 'SEC 850 'DIODE I850 V R(SEC)T3 
where : 
'SEC = 785 V 
= 10 v 'DIODE 
- 
I850 = 1 2  mA 
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= 175 ohms (SEC ) T 3  
'SEC = 8.87 W 
a 
= 4625 V 
Min ou tpu t  v o l t a g e  and 
c u r r e n t  a t  t h a t  v o l t a g e  = 1.88 mA 
The minimum c a l c u l a t e d  ou tpu t  of t he  h igh  v o l t a g e  supply is f o u r  and 
s ix - t en ths  k i l o v o l t s ;  t h e  minimum c u r r e n t  a t  t h i s  p o i n t  i s  one and e igh t -  
t e n t h s  mil l iamperes .  Since t h i s  is  400 v o l t s  below nominal; t h e  a c t u a l  
worst  case ou tpu t  can  be  f igu red  from F igure  2 as 3900 v o l t s .  
The Beta requirement  f o r  t he  h igh  vo l t age  conve r t e r  i s  i d e n t i c a l  t o  
t h e  requirement  f o r  t h e  low vo l t age .  
The remaining i t e m  t o  be wors t  case analyzed i n  t h e  power conve r t e r  i s  
t h e  power d i s s i p a t i o n  of t h e  chopper t r a n s i s t o r s .  From d a t a  on the  2N4401, 
of seven-tenths  of a v o l t  w i l l  cause  t h i r t y  mil l iamperes  t y p i c a l l y  a V 
c o l l e c t o r  c u r r e n t .  This  would cause  severe c u r r e n t  l i m i t i n g  of  the  chopper 
t r a n s i s t o r  s i n c e  i t s  t o t a l  base  d r i v e  c u r r e n t  is  about  t h i r t y  mi l l iamperes .  
500 mi l l iamperes  of c o l l e c t o r  c u r r e n t .  
would d e f i n i t e l y  be b e f o r e  t h i s  p o i n t ,  so  wors t  case V is chosen a t  
e igh t - t en ths  of a v o l t .  
i s  drawing e igh t - t en ths  of a mil l iampere.  Assuming f u l l  v o l t a g e  a c r o s s  t h e  
t r a n s i s t o r  (which would be wors t  case), f i f t e e n  and s ix - t en ths  of a w a t t  are 
d i s s i p a t e d  i n  t h e  chopper t r a n s i s t o r .  Considering the  one-half du ty  cyc le ,  
each t r a n s i s t o r  worst  case power d i s s i p a t i o n  i s  seven and e igh t - t en ths  w a t t s .  
The Thermalloy 6166B h e a t  s i n k  used on each chopper t r a n s i s t o r  would r ise  
t o  126  degrees  cen t ig rade  i f  t h e  supply w a s  s h o r t  c i r c u i t e d  (worst  case 
cond i t ion ) .  
t h e  temperature  r ise w i l l  n o t  a c t u a l l y  reach  126 degrees  cent igrade .  
chopper t r a n s i s t o r  i s  r a t e d  f o r  twenty w a t t s  d i s s i p a t i o n  a t  100 degrees  
cen t ig rade  case temperature .  While t h e  case temperature  may be  somewhat 
over 100 degrees  cen t ig rade ,  t h e  maximum power i s  seven and e igh t - t en ths  
w a t t s .  The t r a n s i s t o r s  are t h e r e f o r e  w e l l  w i t h i n  t h e i r  r a t i n g s  a t  s h o r t  
c i r c u i t  cond i t ions .  
BE (ON) 
of  e igh t - t en ths  of a v o l t ,  t h e  2N4401 would t y p i c a l l y  draw 
The c i r c u i t  c u r r e n t  l i m i t  p o i n t  
BE 
At a 'BE(ON) 
A t  e igh t - t en ths  v o l t ,  VBE(oN), t h e  chopper t r a n s i s  t o r  
Since t h e  h e a t  s i n k  is  mounted on t h e  power supply c h a s s i s ,  
The 
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CONCLUSION 
Ion  Pump Power Supply T e s t  Resu l t s  
The r e s u l t s  of t h e  Ion  Pump Power Supply tests are summarized i n  
F igures  8 through 11. Figures  8 and 9 show t h e  ou tpu t  v o l t a g e  vs c u r r e n t  
r e l a t i o n s h i p s .  
ou tpu t  r i p p l e  v o l t a g e  vs t h e  ou tpu t  load  c u r r e n t .  
t o  demonstrate  t h e  major supply c h a r a c t e r i s t i c s  w i t h  r e s p e c t  t o  t h e  ope ra t ing  
cond i t ions .  
The graphs i n  F igures  1 0  and 11 show t h e  i n p u t  c u r r e n t  and 
These graphs are included 
The mode switchover  p o i n t s  have been designed and ad jus t ed  t o  one m i l l i -  
ampere and one-tenth of a mi l l iampere  as requ i r ed ;  however, f o r  experimen- 
t a t i o n  purposes ,  t he  switchover  p o i n t  can  be  v a r i e d  by adjustment  of R26 and 
R29. 
t h e  v o l t a g e  drop a c r o s s  t h e  c u r r e n t  s ense  r e s i s t o r ,  R35. 
Adjustment i s  most r e a d i l y  accomplished by us ing  a DVM and monitor ing 
With t h e  i o n  pump supply  ope ra t ing  i n  the  h igh  v o l t a g e  mode (low out-  
pu t  c u r r e n t )  a d j u s t  R29 f o r  one v o l t .  Next, l oad  t h e  supply u n t i l  i t  
swi tches  t o  t h e  low v o l t a g e  mode. Then a d j u s t  R26 t o  one-tenth of a v o l t .  
The one v o l t  and one-tenth of  a v o l t  r ead ings  correspond t o  one mi l l iampere  
and one-tenth of a mil l iampere,  b u t  can  be  v a r i e d  a t  any ope ra t ing  p o i n t  
c o n s i s t e n t  w i t h  F igures  8 and 9. Since the  c u r r e n t  s ense  r e s i s t o r  is  a 
one kilohm, a one mi l l iampere  pe r  v o l t  r e l a t i o n s h i p  e x i s t s .  i 
During t h e  i o n  pump supply tests, t h e  output  w a s  s h o r t  c i r c u i t e d  several 
t i m e s .  The supply f i r s t  c u r r e n t  l i m i t e d  on t h e  h igh  v o l t a g e  mode and t h e  
swi tch ing  (with a de lay  of about  one second) down t o  t h e  low v o l t a g e  mode 
and a g a i n  c u r r e n t  l i m i t e d .  When t h e  s h o r t  w a s  removed, t he  supply r e tu rned  
t o  normal ope ra t ion .  While t h i s  s h o r t  c i r c u i t  p r o t e c t i o n  has  demonstrated 
i t s  e f f e c t i v e n e s s ,  i t  w a s  designed f o r  i n t e r m i t t e n t  o p e r a t i o n  only.  There- 
f o r e ,  t h e  use r  i s  caut ioned  n o t  t o  purposely s h o r t  o r  overload t h e  supply.  
The Combined S tud ie s  Ion  Pump Power Supply has  demonstrated compliance 
t o  t h e  s p e c i f i c a t i o n  requirements  f o r  a minimum power (under 30 w a t t s )  
breadboard power supply capable  of s t a r t i n g  t h e  i o n  pump a t  a p r e s s u r e  of 
1 x 10-3 t o r r .  
The d e l i v e r a b l e  u n i t  has  been t e s t e d  and t h e  test r e s u l t s  documented 
i n  F igures  8 through 11 of t h i s  r e p o r t .  Add i t iona l ly ,  t h e  c i r c u i t  schematic 
(Figure 1 2 )  of  Appendix A and photographs (Figure 13) of Appendix B com- 
p l e t e l y  document t h e  breadboard d e l i v e r a b l e  u n i t .  
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NOTES, UNLESS SPECIFIED: 
1. A L L  DIODES SCE40 
2 .  A L L  TRANSISTORS 2 N 4 4 0 1  
4 .  A L L  RESISTORS In IW 1N.W. 
5 .  TRANSFORMERS P/N 343270 
3 .  A L L  CAPACITORS 6.8-35 V 
1 
r2 
CR 
C R 2 9  
CR28 
ic 
TO CURRENT SENSE RESISTOR 
FIGURE 5.- Dual Mode Ion Pump Power Supply Power Converters 
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FIGURE 7.- Current  Sensor - Equivalent  C i r c u i t  Input  C i r c u i t r y  
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I O N  PUMP POWER SUPPLY SCHEMATIC DIAGRAM 
46 
NASA C R - 1 1 1 8 5 7  
. jj \ 
! )  
APPENDIX A NASA CR-111857 
c 
47 
APPENDIX B 
ION PUMP POWER SUPPLY ASSEMBLY LAYOUT 
NASA C R - 1 1 1 8 5 7  
48 
APPENDIX B NASA CR-111857 
c 
x 
n 
\D 
w 
0 
rl 
c, 
a, 
a, 
.”, 
? 
W 
h 
rl a 
LA 
k al 
!& 
a 
PI 
5 
H 
I 
m 
rl 
w 
p?; e 
H 
Fr 
49 
APPENDIX B NASA CR-111857 
50 
APPENDIX B NASA CR-111857 
n 
W 
w 
0 
c-7 
d 
0 
H 
51 
APPENDIX B NASA CR-111857 
c 
52 
t: 
APPENDIX B NASA CR-111857 
a 
pc 
c 
0 
H 
I 
07 
rl 
5 3  
APPENDIX B NASA CR-111857 
k 
PI 
a 
PI 
C 
0 
H 
I 
m 
I-l 
54 
